The entire nucleotide sequence of the HIS3 gene encoding imidazoleglycerol phosphate dehydratase (IGPD) in yeast Candida milleri CBS 8195 was determined. Sequence analysis revealed an open-reading frame of C. milleri HIS3 that spans 678 bp, encodes 226 amino acids, and shares 80.5% amino acid identity to Torulaspora delbrueckii IGPD, followed by that to Saccharomyces cerevisiae (79.6%). The cloned HIS3 gene complemented a his3 mutation in S. cerevisiae, suggesting that it encodes a functional IGPD in C. milleri CBS 8195. A new auxotrophic marker is now available for acid-tolerant yeast C. milleri.
Sourdough fermentation, which is generally used for the production of durum wheat flour bread, is a complex process that uses the combined effects of the metabolism of yeasts and lactic acid bacteria. Candida milleri (C. humilis), a dominant yeast present in sourdoughs, is an acid-tolerant yeast and genetically close to the yeast Saccharomyces cerevisiae [9] . Accordingly, this foodgrade yeast [15] can be a good model organism to study stress regulation in eukaryotic microorganisms. A gene transformation/disruption system may be essential to understand the underlying molecular mechanisms of acid tolerance in C. milleri. DNA transformation and selection systems based on auxotrophic markers such as URA3, TRP1, LEU2, and HIS3 have been widely used in yeast, because transformants can be easily selected in drop-out media [16] . However, the genetic manipulation of C. milleri is limited by the lack of auxotrophic markers and efficient transformation methods. The HIS3 gene encodes the imidazoleglycerol phosphate dehydratase (IGPD; E. C. 4.2.1.19) in yeast, which is the seventh enzyme in the histidine biosynthesis pathway [6] . IGPD catalyzes the dehydration of imidazoleglycerol phosphate to imidazoleacetol phosphate. Along with other essential biosynthetic genes, HIS3 has been extensively used as a nutritional marker for DNA transformation and gene disruptions [2] .
Accordingly, cloning and sequencing of the C. milleri HIS3 gene (CmHIS3), together with isolation of the corresponding his3 mutant, can be very useful in the construction of vectors for genetic studies and protein expression. The present study describes the isolation and sequence analysis of the HIS3 gene from this acid-tolerant yeast. The functionality of the cloned CmHIS3 was demonstrated by complementation study and IGPD enzyme assay.
MATERIALS AND METHODS
Strains and Culture Conditions C. milleri CBS 8195 and S. cerevisiae BY4742 [MATa his3∆1 leu2∆0 lys2∆0 ura3∆0] from EUROSCARF (European Saccharomyces cerevisiae Archive for Functional Analysis) were used in this study. Escherichia coli TOP10 (Invitrogen, USA) was used for plasmid DNA preparation and was routinely grown at 37 o C. LB medium (0.5% bacto-yeast extract, 1% bacto-tryptone peptone, and 1% NaCl) supplemented with 100 µg/ml ampicillin was used for plasmid DNA preparation. C. milleri was grown in YEPD (1% bacto-yeast extract, 2% bacto-proteose peptone, and 2% glucose) at 30°C for extraction of genomic DNA. S. cerevisiae cells carrying plasmids were grown in synthetic complete medium lacking histidine (SC-HIS C to an optical density at 600 nm (A 600 ) of 0.8 and harvested by centrifugation for the IGPD enzyme activity assay.
Nucleic Acid Isolation and Plasmids
The genomic DNA of C. milleri CBS 8195 was prepared from yeast cells in the exponential growth phase as described previously [17] . Plasmid DNA was isolated and purified from recombinant E. coli *Corresponding author Phone: +82-33-250-6458; Fax: +82-33-241-0508; E-mail: mdkim@kangwon.ac.kr CLONING OF THE HIS3 GENE FROM CANDIDA MILLERI 1442 using the AccuPrep Plasmid Mini Extraction Kit (Bioneer, Korea). Plasmids pGEM-T (Promega, USA) and pRS315 (ATCC, USA) were used for general cloning and the complementation study, respectively.
Degenerate PCR and Genome Walking
The two degenerate oligonucleotide primers, CmHIS3-DGF and CmHIS3-DGR (Table 1) , were designed based on the core consensus conserved regions, ECIGDLHI and HVDCLRG, of yeast IGPDs reported in the literature [8] . PCR reactions were performed using 2.5 units of i-Taq polymerase (Intron, Korea). For PCR, 1 µg of template DNA and 100 pM of each primer were used. The reaction conditions were programmed as 10 min at 
Sequence Analysis
The nucleotide and deduced amino acid sequences were analyzed by BLAST (The National Center for Biotechnology Information, NCBI, http://ww.ncbi.nlm.nih.gov/BLAST/). Alignment of multiple sequences was carried out by SDSC (San Diego Supercomputer Center) Biology Workbench (http://workbench.sdsc.edu/). The theoretical molecular mass of the protein was calculated using the ExPaSy (http://au.expasy.org/ compute_pi/). The conserved domain of the IGPD was identified by InterProScan (http://www. ebi.ac.uk/Tools/ InterProScan/). Phylogenetic analysis for yeast IGPDs from the GenBank database was performed using ClustalX2 (http://www. ebi.ac.uk/tools/clustalw2/index.html) [25] .
Cloning of CmHIS3
A LEU2-marked plasmid, pRS315 (6.02 kb), was used to express CmHIS3. To obtain the CmHIS3 gene, including its promoter and terminator regions, a DNA fragment encompassing the region from -210 to +209 bp of CmHIS3 was amplified by PCR using the primers of CmHIS3-F and CmHIS3-R shown in Table 1 . The PCR product of the expected size was digested with the BamHI and HindIII restriction enzymes and then inserted into plasmid pRS315 to construct plasmid pME1096 (7.1 kb). Transformation S. cerevisiae BY4742 was transformed by the lithium acetate method [7] . E. coli cells were transformed as described previously [20] .
Complementation S. cerevisiae BY4742 transformants harboring plasmids pRS315 (control) and pME1096 (pRS315-CmHIS3) were grown in SC-LEU -and SC-HIS -overnight, respectively, and their culture broth was diluted with sterile water to achieve an A 600 of 0.2. The cell suspension taken by 5-fold serial dilutions was spotted onto a SC-HIS -plate. The plates were incubated at 30 o C and cell growth was assessed after 3 days.
Preparation of Cell Extracts
A single colony of S. cerevisiae transformants was grown in selective medium at 30 o C to an A 600 of 1.0 and then harvested by centrifugation. Cells were broken by vortexing with acid-washed glass beads (Sigma-Aldrich, USA) in 1 ml of triethanolamine-HCl buffer (3.5 µM, pH 7.5) for 2 min. Cell homogenates were centrifuged at 15,000 ×g for 5 min at 4 o C, and the supernatants were used as TSP1F  TGC GCT CGC GCT TCA GAC  Genome walking  TSP1R  TGC GCG GCA TCA AGC GCT  Genome walking  TSP2F  ATG TCA ACG ACG GCG CGT  Genome walking  TSP2R  TGT CAC GCG CCG TCG TTG  Genome walking  TSP3F GCC GAA GCG CTT GAT GCC G Genome walking TSP3R
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